In view of previous reports of changes in seizure susceptibility in adult rats exposed to phenobarbital or diazepam as pups, we examined the effects of early-life exposure to lamotrigine and phenytoin, two commonly used antiepileptic drugs (AEDs), for their effect on seizure threshold in adult rats. We found that pups exposed to lamotrigine for six days during the second postnatal week had a significantly lower threshold for pentylenetetrazol-evoked seizures when tested as adults. In contrast, phenytoin exposure during the second postnatal week was without a significant effect on seizure threshold in adults. Seizure scores at threshold were comparable across all groups tested. The dose of lamotrigine used in our study (20 mg/kg) was below that required to cause developmental neuronal apoptosis, while the dose of phenytoin used (50 mg/kg) was above that required for developmental neurotoxicity. Thus, our findings suggest that neurodevelopmental alterations in seizure susceptibility may occur via mechanisms that are independent of those responsible for neural injury or teratogenesis. Our findings support the possibility that therapy with certain AEDs during pregnancy or infancy may alter seizure susceptibility later in life, a possibility that should be taken into account when examining early-life factors that contribute to seizure susceptibility in adulthood.
Introduction
Antiepileptic drugs (AEDs), when administered to pregnant women or infants, can influence brain development during sensitive periods. The brain is especially sensitive to developmental alterations during the "brain growth spurt" period, when massive synaptogenesis and pruning take place. This period corresponds to the third trimester of gestation through early infancy in humans, and to the first two postnatal weeks in rats (Dobbing & Sands, 1979) . Previous reports show that exposure of rats to phenobarbital, barbital, diazepam, or ethanol during this period results in a decreased threshold in response to seizures evoked by pentylenetetrazole (PTZ) later in life (Tagashira et al., 1982 , Bonthius et al., 2001 ). This raises serious concerns regarding the choice of AED therapy during pregnancy and for neonatal seizures. Lamotrigine and phenytoin are AEDs that have been used to treat pregnant women (Ornoy, 2006) , and phenytoin is used as an adjunct or alternative to phenobarbital for neonatal seizures (Bartha et al., 2007) . Therefore, in the present study, we examined the effects of exposure of rats to lamotrigine or phenytoin during the second postnatal week on PTZ seizure threshold measured in adulthood.
Methods Animals
Timed-pregnant female (GD16-18) Sprague-Dawley rats (Harlan) were housed in a temperature-controlled (21°C) room with a 12-h light cycle (0600-1800 Lights on). All manipulations occurred during the light phase. Date of parturition was designated as P0. Beginning on P7, male pups were weighed, labeled, and given one of three treatments via intraperitoneal (i.p.) injection: lamotrigine isethionate (20mg/kg; 2mg/ml), phenytoin (5,5-diphenylhydantoin, 50mg/kg; 5mg/ml in alkalinized saline), or vehicle (saline, 10ml/kg). Drugs (and saline for control pups) were injected at a volume of 0.01ml/g body weight. Drug doses are the same as those we and others have used previously for assessment of acute cellular toxicity (Bittigau et al., 2002 , and fall within the anticonvulsant range in rat pups (Stankova et al., 1992) . Pups were treated once per day on P7,8,9,11,12,13. Treatments were balanced within and across litters. Pups were weaned on P21 into cages of 2-3 littermates. Seizure threshold testing started on P90.
Seizure threshold testing
To establish the CD50 for a threshold seizure response to i.p. pentylenetetrazol (PTZ), a staircase procedure of escalating doses (20mg/kg to 50mg/kg, in 2.5mg/kg increments) was employed until a threshold seizure was observed. A threshold seizure was defined as multiple myoclonic jerks with or without facial and forelimb clonus (a partial seizure). Seizures were rated according to a modified Racine scoring procedure for limbic motor seizures (Racine, 1972) : 1 = single myoclonic jerk [subthreshold response]; 2 = multiple myoclonic jerks [threshold seizure]; 3 = facial and forelimb clonus (FFC); 3.5 = FFC with a body twist; 3.75 = FFC with a full body roll; 4 = FFC with rearing; 4.5 = FFC with rearing and a body twist; 5 = FFC with rearing and loss of balance; 6 = running bouncing seizure with tonic forelimb extension. Scores for all seizures were recorded in order to permit a comparison of seizure scores at threshold. Repeated testing with the same dose within subjects produced no evidence of either tolerance or sensitization. All experiments were performed in compliance with the American Association for Accreditation of Laboratory Animal Care standards, and were approved by the Georgetown University Animal Care and Use Committee. Figure 1a shows cumulative percent of animals exhibiting a threshold seizure as a function of PTZ dose for each treatment group. For animals that had been exposed to lamotrigine, the PTZ dose-response function is left-shifted as compared to control and phenytoin-exposed animals. The average seizure-threshold dose for each treatment group is shown in Figure 1b . There was a significant reduction in seizure threshold for animals exposed as pups to lamotrigine as compared to all other groups. One-way analysis of variance revealed a main effect of drug exposure (F2,63=6.188, p<0.005). Dunnet's multiple comparison test revealed a significant difference between the lamotrigine and vehicle (p<0.01), and between the lamotrigine and phenytoin groups (p<0.01), but no difference between vehicle and phenytoin groups. The mean seizure score at threshold did not significantly differ across treatment groups (mean±standard deviation; control 3.7±1.4; phenytoin 3.6±0.89; lamotrigine 2.6±1.1; Kruskal-Wallis test; H=5.163, p>0.08). The proportion of animals exhibiting a seizure response to 25mg/kg PTZ (CD50 for control animals) is show in Table  1 . Consistent with the data in Figure 1 , the lamotrigine-exposed group showed a significantly higher incidence of seizures than controls (p<0.05, Fisher's Exact Test).
Results

Discussion
We found that exposure of neonatal rat pups to lamotrigine, but not to phenytoin, resulted in a decrease in seizure threshold in response to PTZ when the animals were tested as adults. The distinct effects of lamotrigine and phenytoin suggest that their shared mechanism of action [i.e., sodium channel blockade, (Leach et al., 1986) ] is not likely to account for the change in seizure threshold after neonatal lamotrigine exposure. In addition, the effect of lamotrigine, but not phenytoin, on seizure threshold is in sharp contrast to the relative lack of toxicity of lamotrigine in developmental models and the notable developmental toxicity of phenytoin. In particular, phenytoin exhibits profound neuronal toxicity with acute neonatal administration in rats (Bittigau et al., 2002 and is associated with significant somatic and behavioral teratogenic effects in humans (Ornoy, 2006) . In contrast, lamotrigine does not cause neurotoxicity in neonatal rats and appears devoid of significant teratogenic effects in humans (Meador et al., 2009 , Ornoy, 2006 . Taken together, these findings indicate that alterations in seizure susceptibility may occur via mechanisms that are independent of those responsible for neural injury or teratogenesis. It should be noted that the effect of early life exposure to lamotrigine may differ depending upon the method of seizure initiation in adults, as the threshold for clonic seizures evoked by focal electrical stimulation of sensorimotor cortex was not significantly changed in adult rats exposed to lamotrigine as pups (Tsenov et al., 2009 ).
In the clinical setting, increased seizure susceptibility in adulthood has been associated with a history of early life seizures. This has been interpreted as evidence for early life seizures either as a cause of later life seizure susceptibility, or as a marker for an underlying predisposition to seizures (Ben-Ari and Holmes, 2006) . However, since early life seizures are typically treated with AEDs, our results suggest that AED exposure should be considered as a confounding variable for evaluating the impact of early life seizures on later seizure susceptibility. Our results with lamotrigine exposure taken together with previous reports on phenobarbital and diazepam exposure during infancy, raise the possibility that exposure to AEDs during early life may alter subsequent seizure susceptibility (Tagashira et al., 1982) . These results suggest it is possible that medication used to treat seizures in infancy may be an important determinant of seizure susceptibility later in life. Effects of neonatal AED exposure on adult seizure threshold. A) cumulative percent of the group seizing as a function of dose of PTZ. Insert: a probit model of the seizure threshold data, with the curves for vehicle (○) and phenytoin (PHT; ▽)-exposed groups overlapping, and the lamotrigine (LTG; △) curve showing a reduction in seizure threshold. B) average threshold dose needed to induce a seizure for animals exposed to vehicle (control: 27.2±0.8, median=27.5), lamotrigine (LTG: 22.3±0.8, median=21.3), or phenytoin (PHT: 28.6±1.7, median=27.5). 
